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ABSTRACT

A numerical technique hus been daveloped for calculating the full three-
dimensional time~deiandent Navier-Stokes equations with multiple species trans-
port. The method is a modified form of the Implicit Continuous~£fluid Fulerian
(iCt) technique to solve the governing equations for low Mach number flows where
pressure waves and local variations in compression and expansion &re not signifi-
cant. Large density variations, dve to thermal ard species concentration gradi-
ants, are accoun’sd for without the restrictions of the classical Pcussinesq &p-
proximation. Calculations of the EPRI/HEDL standard problems verify the feasi-
bility of using this finite-difference technique for analyzinyg hydrogen mixirg
within JWR containments.

I. INTRODUCTION

During and after a loss-of-coolant accident in a light-water reactor, water
may be decomposed by chemical vesctions and radiolysis to release gsseous hydro-
gen. Should hydrogen be released, two deletarious effects could occur. The non-
condensable gas can increase the containment pressure. In sufficient amounts,
the hvdrogen could burn in the presence of air, causing considerable loads on the
containment walls or harm to crucial control devices. Each effect represents an
additionel safety risk. To tetter assess the problem, we have developed a multi-
dimensional fluid dynamics f.nite-difference code to calculcte the details of hy-
drogen transport through containment structures.

This detailed model of the full three-dimensional time-deperndert Navier-
Stokes equations with species transport is solved by a variant of the Implicit

Continuous—-fluid Eulerian (ICE)1 technique. Wa make use of the idea that for
low-speed flows pressure wave propagation need not ba resolved in detail and
therefore the local fluid density is a function of the average fluid pressure,
local temperature, and relative concentrations of available species. This fur-
ther allows accurate representation of flows driven by large density variations

for which the Boussinesq approximation may not provide sufficient lccurncy.z

Ultimately this detailed mosel, together with relevart i:xperimental datas,
will help to benchmark existing hydrugen migration systems codes that are neces-
sarily based on simpler models. This pap°r presents the governing equations, de-
velops the solution procedure, and presenis numerical results for comparison of
experinental results in the rhree-dimensional geometry of the EPRI/HEDL standard

problonn.s



I1. MATHEMATICAL DLESCRIPTION

The partial-differential equations that govern the fluid dynamics and spe-
cies transport are presented in this section. They are written in cylindrical
coordinates; howe er, the equations for plane coordinates are easily obtained by
setting the radial distance r equal to unity and the terms with the B multiplier
equal to zero; i.e., B8 = 1 for cylindrical coordinates and 8 = O for planar coor-
dinates.

A Thz Mixture Equations

The mixture mass conservation equation is

3

ap -

Tt_+ Ve(ou) = Z SG » (1
a=]

wvhere
3
p= Z Pgi Og = macroscopic density of the individual species (air, stean,
_a=] or hydrogen),
u= mass—-average vilocity vector, and
5, " mass source (+) and/or sink (=) of species a per unit

volune and time.

Th¢ mixture momentim conservation equations are given by

a(eu) Ve(ouu) = = Vp + Vo + pg + M, (2)

vhare

P * pressure,

« viscous stress tensor,

= local density relative to the average density (see next section), and

ﬁ = gomentua source vector par unit volume and time (see Sec. IV).



In these equationy, the viscous force per unit volume and time, V°3. is given lor
the

r= or x—-component
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vhere L and A are the first and second coefficientes of viscosity, Tespectively,
and

The mixture internal energy equation {is
) -
57 (P1) + Ve(pIu) = Ve(KVT) + Q (3)

where

mixture specific internzl energy,

thermal conductivity,

nixture temparature, aad

energy source and/or sink per unit volume and time.

ol B o)

We sssume viscous dissipation is negligible for the low-speed flows of interect.

Ihe equation-of-state for the average fluid pressure Po is given by the
ideal gas mixture equation

3
P =1 azl (v, = 1(C) 00 , (4)

whare Ya is the ratio of specific huats for ppecies a and (Cv)a 1s the specific

heat at constant volume for apacier a.

B The Species Transport Equations

The dynamics of the individual apecies are deternminred hy

ap!
) =y o
F + v'(pau) Sa . (5)

Suoning Bq. (5) over all spacies resulrs in the mixture macs Eq. (l).
111. THE PINITE DIFFERENCE EQUATIONS AND SOLUTION PROCEUDRE

. Equations (1) - (3) and (5) vre written in finite differenca form for their
numerical solution. The nonlinear finite-differvnce equations are then solved



iteratively using a point relaxation
wethod. Since we are interested in low
speed flows vhere the propagation of
pressure wsves neead not be resolved, we

are therefore utilizing a modified ICEl
solution technique where the species den-
sities are functions of the global or
conmpartment pressure, and not of the
local pressure. Time-dependent solutions
can be obtained in one, two, and three
space dimensions in plane and in cylin-
drical geometries. The geometric region
of ianterest is divided into many finite-
size, space-fixed rones called cormputa-
tiondl cells that collectively form the
computing mesh. Figure ] shows a typicel

\\‘7 computational cell with the velocities
centered on the cell boundaries. all
r 89 / other quantities, such as I, p and
i-é A;:l (DA)'I, are positioned at the cell-center

designated (1,j,k). The finite-
difference equations for the quantities

Fig. 1. at time t = (n+l1)6t form a system of cou-
Locations of velocity cumponents pled, non-linear algebraic equations.
for a typical cell in cylindri- The eyuations are giver below and the
cal geonetry. solution method follows.

For the problems of interest (See Sec. 1IV), the sour:e/sink terms in the
species transport equations are:

(1) Air (a); S, " 0;

(2) Hydrogen or helium (h); S, = hydrogen or heliun mass per unit volume and
time in the jet; and

(3) Steau(s), S'

(condensation wmass per unit volume and time).

-C - (steam mass per unit volume and time in the jet) -

The sources of hydrogen or helium and stean are specified by the experiment; how-
ever, the condensation rate must be modeled. Ve propose the simple but effective
relationship, based o the assuvmption of local equilibrium,

s R'p? -
C. R D.(locnl stean Jdensity) D;.t(T)]

where

D;.t(T) = saturatiou stean de :ity at temperature T,



Re 1010 /s for p (local steanm density) > D;.t(T). or

R =0, otherwise.

For cell 4,4,k we will 4mplicitly solve for the n+l steam density, ( )1 K’ by
writing 3

s+l
CRRLRI(CORFIEITCINC D) I

wvhich sllows any degree of condensation while the numerical scheme remains
stable. The steam transport equation is then written

ntl v R - v otl n+l
(0 )3 5,k = 1)y, g * Selm ()™ ™ esy g,/ 80)
1,
- <(pv)h+l n+l>1.5.k/6z - <(p;)n+lw"+ 0y, k/(r §9)
+(5,), gt +Rpl (T ™117¢1 + &R) .

The flux quantities, for example <o ur>

1,4,k are calculated using donor-cell
differencing, so that v

()1, 4,k % wins, 5,k >0

] - .
PRUT>{ g,k T Vi, 3,k Ti4d

(p;)i"'lojok 1f ui“'él.’.k <C

if u >0

(O;)i'l.j.k 1-§030k

“1‘* ’ jpkti“§ )

(p;)t,J,k it ui_hj’k <0 .

The transpori equatiums fcr hydrogen or helium and air and the aixture pass
equation are °*~'* - irn similar fashion.



The finite-difference representation of the mixture momentum equations is

1 -~ .
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+1 ~ +1 ‘
()0 gt = (B g = 80P g = g jk)/(" @ - (8)

The momentum density quantities designated by the superscript tilde f‘) account
for the effecty c¢f momentum convection, gravity, source, and viscous stress. For
exanple, coasider
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Representing the gravity term by
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removes the necessity for resolving the hydrostatic pressure gradient, but it al-
lows accurate representstion of buoyancy forces develioping from lurge density
variations due to speciss concentration and temperature gradients. The momentunm
source (H') will be addressed in the next section.

The components of the viscous stress tensor are differenced in a similar
BANNET, Qefe,

ﬂ
(02 )3, 1,k = 290V8, pras2,i = Vi, g )/ 62

+ A[(r )/(x, 6r)

n n
1"’§u1+§ ’ J"’l ok 1"“ . » 341,k

+ (W

n
1, 4kt = Y, g1k (€O

n n
+ - .
(v, yar2, = Ve, yrax )/ 82
In the nixture internal energy equation, the source snd/or sink term Q1 "
is written '3

n
n AH n+}
Q,4.x" (snIn)y, 5k * (Sa2e)y, g0 - (€103, 5, TVl

where

1, = internal energy of the hydrogean or heliua in the source,
1_ = interpal energy of the stsam in the source

H = local wall heat transfer coefficlent,

A = wall areas, and

Vol = volurs of the computational cell adjecent to the wall.
Note that in the wall heat transfer term the temperature is vritten at the ad-
vanced time laver (n+1). This allows for a stchle solution for all physical

values of the haat transfer coefficient. By making use of the caloric equition-
of~state

g E'r .

vhere the average specific heat is expressad in terms of the species, densities,
and constant specific heats



cv -.p I pu(cv)u ’
the wall heat tranzfer term is vewritten
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SEACON

The finite~difference equation for the mixture specific interral energy equation
is then given by
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The solution method starts with the calculation of s:, S“. (5", (T,

(PV) N ln K" and estimates of <9 wH °+‘ >, < 6“+l “+1>, <p“+l “+l >, °n+l’ vn*l,
and UP+1. are msade. The solution method proceeds with the iterstion phase:
(1) The (o ) ‘s are found from the species transport equations using

i J.
the latest iterates for (p )n+l and u at,
n+l

(2) The global or average fluid pressure, P is deternmined from integrat-

ing the equation-of-state (4) over the computational volume

If! == dvol = [[[ l (v, = 1)(C) pldVol

Vol T Vol a=]l veae

or,

3
Il e, I (v, = ey, (o) )t

ol | Lk 1 el 61,3,k

° 115 v /1)
13k 1,3,k

(3) The equation-of-state is nmodified slightly to find the mixture density

using the (p r *l1g and P"*l from steps (1) and (2)

Pn‘ﬂ 2 (D )n+l

R ° 1,3,k
1,3.k 3 el *
1,9,k azl (v, - 1)(cv)°(p°)1.5.k

n+l -n+l

(&) With p1 1,k [from stap (3)) and the latest iterates for u the resid-

val, D1 3.k in the mixture mass equation is calculated
]



(5)
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If the convergence criterion is met, for exanmple, lD1 j k' < € where
*JY

€= 10' p1 4,k then no adjustment is made to the local pressure,

pn+l , and the velocities a arH for cell (1,3,k). If the convergence
i,k 1,3,k

criterion is met for all cells in the computational mesh, then the
{teration phase of the cycle is complete.

For any cell that the criterion is not met, the local pressure is
changed by an amount

. . 2D, o
Pi,9,k D '
3p i, 3,k

where

(an) 26¢2
*
/tdk T g2, (r €0)% + 627

and 2 is a constant over-relaxation factor selected 1.0 € 2 < 2,0, and
the momenta are changed as shown in Eqs. (6) = (8). The velocities are
found by simply evaluating

n+l
Rag 2(9“)1+&,j
1+, 9.k n+1 + pn+1 ’
P13,k T P1e1,4,k
n+l
S 3(°V)1 4.k and
YT Kt . p n+l ’

1 j kP by 341,k
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a2
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1,3,k 7 P, 5,00

Steps (1) - (5) are repeated until the convergence criterion as presented in step
(4) 1s satisfied on the entire computational mesh. After the iteration phase is

conplete, the specific internal energy is calculated by Eq. (9) and the computa-

tional time step is finished with the advancement of the time step.

More details of the AMS solution methodology, code description, and a list-
ing of the code are given in Ref. (4).

IV. NUMERICAL RESULTS

This computer code was developed to analyz.. the EPRI/HEDL standard problems

"A" and "B".3 The standard problems A and B, tests HM~5 aud HM~6 in reference 5

respectively, were proposed as a bases for comparing blind predictions of de~-
tailed hydrogen distribution in raactor-like containment compartments. In both
experiments a high velocity steam=hydrogen nr steam-helium jet is released into
the compartment. The reader is referred to Ref. 5, which is part of these pro-
ceedings, for a detailed discussion of the experimental facility.

Figure 2 presents the discretization of the containment compartment. We
have modeled the blower which provides recirculation from the upper io lower com-
partments as four time~dependent prescribed inflow boundary cells. These are
shown on the outer circumference (R = 3.8] m) st the axial position 2.36 m € Z <
3.15 m and in the azinuthal positions 20° € € <€ 40°, 80° € 6 < 100°, 200° € 6 <
220°, and 260° < 8§ € 280°. Flow is allowed to exit the computational mesh by the
eight continuative outflow boundary cells shown on the outer circumfers .ce (R =
38] m) at the axial position 3.93 m K Z2 < 4,72 m and in the azimuthal positions
0°* < 6 < 20°, 40° < 6 < 60°, B0®° < 6 < 100°, 120° <€ O < 140°, 160°* < & < 180°,
200° < 6 € 220°, 240° € 6 € 260°, and 280° ¢ 6 € 300°. Both tests started with

the compartment at 65°C and 105 Pa (1 bar), with test A containing nitrogen and
test B containing air. Table I lists the timing of events for eacn test.

TABLE I. Timing of Events

Test A Test B
Time (minutes) Evant Time (minutes) Event
11.50 Recirculator blower on 4,00 (h.SO)* Recirculator blower on
11.75 Steam source on 4,75 Steam source on
12.50 Hydrogen source on 6.25 Helium source on
12.75 Nitrogen becones 6.50 ir becomes
saturated in saturated in
recirculators recirculators
13.5 Hydrogen begine 7.00 Helium begins
sntering compartment entering compartment
through recirculatnrs through recirculators
23.75% Sources shut off 17.00 Sources shut off

*Blind calculation started at 4.00 minutes and the posttest calculation started
at 4.50 minvtaes.
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Tig. 2. HMS computing mesh ..r EPRI/HEDL Standard Problems A and B.
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Compartment wall temperatures were assumed constent at 65°C through ooth
tests, while time—dapendent prescribed inflow data consistert with the events of
Table I are tabulated in Table 1I.

Experiment A had a horizontal steam-hydrogen jet that was centered in the
annulus at 275° at a height of 1.52 m from the floor. The average jet velocity

was assumed to be 150 m/s, and it was directed inward at 60° to a radial ray,
which Jed to a momentum source:

1
Mg u 2.44m, 0.79 m € Z <1.57 m, 260° < 6 <280° " " 2 (s, + §,)(150),

M) 3 tbn < R< 2.89 m, 0.79 m< Z< 1.57 m, 6 = 260° = ~ 0-866(5, + §,1(150), and

(Hz) =0 ,
TABLE II. Time-Dependent Prescribed Inflow Datat
Test A Test B
Time (minutes) Inlet Temperature (°C) Time (minutes) Inlet Temperature (°C)
0.0 35.0 0.0 35.0
8.0 35.0 4.0 35.0
10.0 35.5 7.0 42.0
13.0 40.0 10.0 43.0
18.0 53.0 11.0 46.5
21.0 57.0 16.0 52.0
23.0 58.25 17.0 52.5
24.0 565 20.0 49.5
32.0 53.5 29.0 46.5
35.0 52,5 31.5 46,5
46.0 51.0 32.5 48.0
60.0 50.0 70.0 47.5
Time Time
(minutes) Hydrogen Concentration (X)* (minutes) Helium Concentration (%)™
0.0 0.0 0.0 0.0
13.5 0.0 7.0 0.0
15.0 0.6 17.0 3.45
24.0 3.4 19.0 3.55
25.0 5.5 24.0 3445
32.0 5.1 65.0 3.2
47.0 4.9
70.0 4.8

?&ho inlet velocity is held constant at 0.434 m/a throughout both tusts.

*Hydrogcn and Felium concentrations are given in volume X on a dry basis; 1.c.,
the steam has been removed.
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vhere the time=-dependent mass sources s. and sh are tabulated in Table III. Ex-

periment B had a vertical steam-helium jet that was located at 180°, 1.2 m from
the floor, and 2.31 m from the compartment axis. The average jet velocity was
assuned to be 80 m/s which led to a momentum source:

(M) = 0,

(Me) = 0, and

M) 98 m<R<2.4bm, Z=1.57 m, 160° €8 < 180° = (s, + §,)(80).

The energy source due toc the jet is calculated shIh + S.I‘, vhere Ih -
(Cv)hT and I. - (Cv).T, and T is the time-dependent jet temperature listed in

Table IV. For tests A and B the mass and energy sources ars sssociated with
cells (2.44 m SR <2.89m 0.79 m €2 €1.57 m, 260° € 6 <280°), and (1.98 <
R€ 2.4 m 0,79 m €2 €1.57 m, 160° €6 < 180°), respectively.

Intermediate values of the parameters in Tables II - IV may br. found by lin-
ear interpolation.

TABLE Il1l. Time-Dependunt Mass Source

Test A
Hydrogen Mass
Flow Rute (kg/min)

Stean Mass

Tine (minutes) Flow Rate (kg/min) Time (minutes)

0.0 0.0 0.0 0.0
11.75 0.0 12.5 0.0
12.50 21.0 13. 0.3
14,0 24.0 23.9 0.31
23.0 24.0 23.75 0.0
23,75 0.0 60.0 0.0
60,0 0.0

Test B
Steam Mass Heliunm Mase
Time (minutes) Flow Rate (kg/min) Time (minutes) Flow Rate (kg/min)

0.0 0.0 0.0 0.0

4,75 0.0 6.25 0.0

3.30 14.5 7.0 0.403
16.0 14.53 15.2% 0.408%
17.0 0.0 16.0 0.94
6C.0 0.0 17.0 0.0

60.0 0.0
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TABLE IV. Time-Dependent Jet Temperature

Test A . Test B
Time (minutes) Temperature (°C) Time (minutes) Tenperature (°C)

10.0 108.0 2.0 110.0
16.5 101.0 7.0 96.0
18.0 103.0 12.5 96.0
18.5 124.0 17.0 124.0
19.0 130.0 18.0 113.0
20.0 133.0 19,0 109.0
21.0 136.0 21.0 107.0
23.0 140.0 60.0 94.0
24.0 140.0

26.0 128.0

28.0 125.0

60.0 109.0

In Figs. 3 and 4, we present the test data and the dlind (i.e., pretest)
concentration predictions for tests A and B, respectively. The curve designated
"E" represents the experimental data while the curve designated "C" represents
the calculation. For test A, the horizontal jet, there is total mixing through-
out the compartment as evidenced by the similarity of the concentration curves
and maximum concentrations at various locaticns in the compartment. All concen-
trations in this paper are repcrted in volume percent on a dry basis; l.e., the
steanm was condensed and the gas szmple passed tnrough a drying ved in the tests.
Concentrations for test B, the vertical jet, are presented for the same locations
as test A. Here we see a definite concentratior gradient of roughly 2 to 3 con-
centration percent during the gas injection phsse with maximum values at the con-
partment top and mininum values at the bottom. This gradient quickly decnys to
about 1% after the je~ to shut off. Our blind calculations of the concentrations
are seen to pradict the test data very well. The blind temperature pred.ctions

were not very good as depicted in Fig. 5. We recognized this at the tima,6 but
nevertheless judged our concentrations to be substantislly correct. The reason
that concentration is not sensitive to temperature in these tests is hecause the
stean is mortly suparheated vapor throughout the compartment.

During the posttest analysis, an error was found In the solution of the
energy aquation. Recalculations showed negligible change in the concentratious
and good agreement with the temperatures, as shown in Fig. 6. The corrected

energy equation also includes tha Uchidn7 correlation for wall-heat transfer and
the sssumption that K = 0.

For roughly !5 minutes of physical time, these probiems required between 5
and 6 hours of CDC 7600 CPU times, or about 2.5 hours of Cray CPU time.
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V. CONCLUSIONS

The mathenatical wodel and solution technique outiined above has proved to
be an acrurate method for calculating low speed flows with large density varia-
tiona such as those found in hydrogen mixing within LWR containments. For the
tine-deperdent, fully three-dimensional EPRI/HEDL standard problems, the calcu-
lated rasults compare very closely with the test data even with a fairly coarse
computing mesh.
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